INTRODUCTION
The crucial importance of neutrophils in host defenses is highlighted by the extreme susceptibility of patients with congenital or drug-induced neutropenia to a variety of bacterial and fungal infection (Amulic et al., 2012) . These highly motile cells are rapidly recruited to infection sites and can destroy invading pathogens by both oxidative and nonoxidative mechanisms, whether through phagocytosis of the microorganisms themselves or through extracellular release of microbicidal granules (Amulic et al., 2012) . In mycobacterial infections, the role of neutrophils remains poorly understood, despite a longstanding recognition of their presence at disease sites in tuberculosis (TB), for example, in the cerebrospinal fluid of TB meningitis patients (Lowe et al., 2011; Thwaites et al., 2002) . In the most common pulmonary form of TB, infected neutrophils are present in the characteristic macrophage-predominant granulomas, both in newly forming ones and advanced cavitary lesions (Canetti, 1955; Eum et al., 2010) . Consistent with these histological findings, a neutrophil-driven transcriptional signature has been identified in the blood of TB patients (Berry et al., 2010) .
Reports on the mycobactericidal capacity of isolated human neutrophils are conflicting, perhaps because of the inherent variability of these terminally differentiated, short-lived cells in culture (Lowe et al., 2011) . Some studies found that they kill Mycobacterium tuberculosis (Brown et al., 1987; Jones et al., 1990; Kisich et al., 2002) , while others reported no effect (Corleis et al., 2012; Reyes-Ruvalcaba et al., 2008) . Animal models have also yielded conflicting results. While earlier work identified a protective role for neutrophils in early infection (Pedrosa et al., 2000; Sugawara et al., 2004) , recent work has focused on their pathological role, particularly with excessive neutrophil accumulation in advanced infection (Desvignes and Ernst, 2009; Eruslanov et al., 2005; Nandi and Behar, 2011) .
Zebrafish larvae infected with their natural pathogen Mycobacterium marinum (Mm), a close genetic relative of M. tuberculosis, have proved a useful and relevant model for the mechanistic dissection of human TB (Tobin et al., 2010 (Tobin et al., , 2012 Volkman et al., 2010) . Their genetic tractability and optical transparency have allowed dissection of mycobacteriummacrophage interactions not amenable in traditional animal models (Clay et al., 2007; Davis et al., 2002; Davis and Ramakrishnan, 2009 ). Here, we have sought to understand the role of neutrophils in mycobacterial infection using a zebrafish transgenic line with fluorescently labeled neutrophils . We show that zebrafish larval neutrophils share functional characteristics with human neutrophils and are rapidly recruited to Pseudomonas aeruginosa (Pa), against which they exert full protection. In contrast, they are rarely recruited to initial sites of Mm infection, and even the few are seldom infected. Neutrophil interactions with mycobacteria are initiated only when granulomas form. Signals from dead or dying granuloma macrophages recruit neutrophils, which then phagocytose infected macrophages. Using genetically engineered neutropenic zebrafish and zebrafish deficient in phagocytic oxidase activity, we show that neutrophils exert a protective effect through oxidative killing of the mycobacteria they phagocytose from dead granuloma macrophages.
RESULTS
Zebrafish lyz:EGFP Transgene Specifically Labels Neutrophils lyz, encoding zebrafish lysozyme C, marks both neutrophils and macrophages at 32 hr postfertilization (hpf); at this developmental stage of exclusively primitive hematopoiesis from the yolk area, it is coexpressed with both the neutrophil-specific marker myeloperoxidase (mpx) and the macrophage-specific csf1 receptor (fms) ( Figure 1A ) (Herbomel et al., 1999; Liu and Wen, 2002) . Accordingly, zebrafish fluorescent transgenic lines using the lyz promoter were thought to label both phagocyte lineages . However, by 48 hpf, when the site of hematopoiesis switches over to the caudal hematopoietic tissue (CHT) (Murayama et al., 2006) , multiple lines of evidence led us to conclude that lyz exclusively marks neutrophils: (1) high-resolution differential interference contrast (DIC) microscopy of the Tg(lyz:EGFP) nz117 (lyz-green) line showed that the GFP-positive cells contain the distinctive small motile granules specific for teleost neutrophils (Le Guyader et al., 2008 ) ( Figure 1B) ; (2) the neutrophil-specific dye Sudan black stained only and all GFPpositive cells in this line ( Figure 1C ) (Le Guyader et al., 2008) ; (3) in a double transgenic line, Tg(lyz:DsRED2) nz50 (lyz-red) and Tg(mpx:GFP) i114 (rendering neutrophils green fluorescent), all red fluorescent, lyz-expressing cells also expressed GFP (Renshaw et al., 2006 ) ( Figure 1D ); (4) in the lyz-green line, the GFP-positive cells did not stain with neutral red, a macrophage-specific dye ( Figure 1E ) (Herbomel et al., 1999); and (5) in the lyz-green line, whole-mount in situ hybridization (WISH) revealed no overlap in macrophage-specific marker fms RNA expression and anti-GFP antibody staining ( Figure 1F ). Thus, the lyz promoter is a reliable and specific marker for neutrophils in zebrafish larvae from 48 hpf on. The combination of DIC and fluorescence microscopy using the lyz fluorescent lines allows the visualization of both neutrophils and macrophages as illustrated in Figure 1E .
Zebrafish Larval Neutrophils and Macrophages Respond to Distinct Signals
In zebrafish larvae, neutrophil migration to the ear and macrophage migration to the hindbrain ventricle (HBV) in response to injected compounds or bacteria can be readily assessed (Tobin et al., 2010) . Using these two phagocyte recruitment assays, we found that recombinant human interleukin-8 (IL-8 or CXCL8), a neutrophil-specific chemotactic cytokine (Stillie et al., 2009) , recruited neutrophils but not macrophages (Figures 1G and 1H) . In contrast, human leukotriene B 4 (LTB 4 ) recruited neutrophils and macrophages, consistent with its activity as a dual neutrophil and macrophage chemoattractant in humans (Crooks and Stockley, 1998) (Figures 1G and 1H) . Finally, the synthetic N-formylated peptide N-formyl-methionine-leucine-phenylalanine (fMLP), a potent neutrophil chemoattractant (Schiffmann et al., 1975) , recruited neutrophils, but not macrophages (Figures 1I and 1J) . Neutrophil recruitment by fMLP was abolished by modified antisense oligonucleotide (morpholino) knockdown of its predicted receptor (formyl peptide receptor 1) (Williams et al., 1977) while leaving baseline macrophage recruitment unchanged ( Figures 1I and 1J ). These findings suggest functional conservation of neutrophil chemotaxis between zebrafish and humans, and that larval zebrafish neutrophils and macrophages already have distinct chemotactic responses.
Neutrophils Do Not Interact with Mm at Initial Sites of Infection
Previously we had observed very few infected neutrophils at 1 day postinfection (dpi) into the caudal vein upon staining infected larvae with an anti-mpx antibody (Clay et al., 2007) . This finding suggests either that neutrophils do not phagocytose mycobacteria or that neutrophils destroy mycobacteria rapidly upon phagocytosis. To distinguish between these possibilities, we injected red fluorescent Mm into the caudal vein of 48 hpf lyz-green fish and monitored infection serially by DIC and fluorescence microscopy. At 10 min postinfection, we observed several infected macrophages but no infected neutrophils (Figure 2A) . Again at 1 hour postinfection (hpi), no infected neutrophils were found despite many uninfected neutrophils being clustered around the injection site, probably reflecting its proximity to the CHT site of their origin ( Figure 2B ) . To rule out the possibility that zebrafish neutrophils are developmentally immature at 48 hpf, similar experiments were conducted in 5 dpf larvae, and no infected neutrophils were observed at 1 dpi (see Figure S1A online). Thus, neutrophils do not phagocytose extracellular mycobacteria, even when in close proximity. Mycobacterial infection is characterized by rapid macrophage recruitment (Dannenberg, 1993) ; in the zebrafish larva, phagocyte recruitment is readily observed by injection of bacteria into the HBV ( Figure 1A ), a site that is normally devoid of phagocytes (Clay et al., 2007) . Injection of red fluorescent Mm into the HBV of 48 hpf lyz-green fish consistently produced a significant influx of macrophages, but not neutrophils ( Figure 2C ). In contrast, Pa, a pathogen that interacts with both neutrophils and macrophages in humans and zebrafish (Brannon et al., 2009; Cheung et al., 2000; Lyczak et al., 2000) , recruited similar numbers of both cell types ( Figure 2D ). In the rare case where a few neutrophils were recruited to the HBV following Mm infection, only macrophages were infected ( Figure 2E ). This finding is consistent with our observations during caudal vein infection (Figure 2A) . In contrast, both neutrophils and macrophages became infected with Pa ( Figure 2E ). The differential phagocytic capacity of macrophages and neutrophils for Mm was further highlighted in time-lapse DIC images showing a macrophage actively moving toward and phagocytosing Mm in the HBV (Movie S1A); in contrast, the few neutrophils arriving in the HBV did not interact with Mm even when in close proximity; they continued their rapid migration past the bacteria (Movie S1B).
We explored the possibility that mycobacteria actively inhibit neutrophil recruitment. If so, the presence of Mm should reduce neutrophil migration to Pa. However, neutrophil recruitment in response to coinjection of Mm and Pa into the HBV was indistinguishable from Pa infection alone ( Figure 2F ). Strikingly, the In vitro, complement-mediated opsonization of mycobacteria increases their phagocytosis by neutrophils (Jones et al., 1990; Majeed et al., 1998) . We asked if complement opsonization facilitated the phagocytosis of Mm by the neutrophils brought into proximity to the mycobacteria by coinfection with Pa. Opsonization with fetal bovine serum or fresh adult zebrafish serum did not increase neutrophil phagocytosis of Mm (Figures S1B-S1E). In sum, mycobacteria appear to be invisible to neutrophils in terms of both chemotaxis and phagocytosis.
Neutrophils Become Infected in Early Granulomas through Phagocytosis of Infected Macrophages
While no infected neutrophils were observed at the initial infection site, serial monitoring of infection in the lyz-green larvae consistently revealed infected neutrophils within the granulomas that form by 2-4 dpi (Figures 3A and 3B) (Davis et al., 2002) . High-resolution spinning-disc confocal microscopy of individual granulomas over 2 hr showed uninfected neutrophils trafficking into granulomas and moving rapidly among its infected macrophages ( Figures 3C and 3D , and Movie S2A). Many interacted closely with infected macrophages, recapitulating behaviors of macrophages arriving at granulomas , and eventually engulfed their bacterial contents ( Figures  3C and 3E , Movies S2B, and Movie S3). We also observed neutrophils that migrated through the granuloma and left without becoming infected (Movie S4). Since most granuloma neutrophils at any given time were infected ( Figure 3A) , infected neutrophils may be preferentially retained within these structures. In sum, neutrophils arriving in the granuloma become infected through phagocytosis of infected macrophages, similar to newly arriving macrophages ).
Neutrophil Recruitment into Granulomas Is Mediated by Cell Death Signals from Infected Macrophages
Why might neutrophils be attracted to Mycobacterium-containing granulomas but not directly to the infecting mycobacteria? We observed that the number of infected neutrophils increased with granuloma size (Figure 4A ), representing a constant proportion of the total number of infected cells (15%-18%), and of the total bacterial volume in granulomas over a range of sizes (1.27 ± 0.12 3 10 À4 /mm 3 ). Given that larger granulomas contain more dying infected macrophages, we wondered if these were providing the signals for neutrophil recruitment. To test this possibility, we infected fish with Mm that lack the RD1 locus (Drd1), one of whose encoded secreted proteins, ESAT-6, promotes the apoptotic death of macrophages Derrick and Morris, 2007; Volkman et al., 2004) . Owing to its reduced ability to form granulomas, 5-fold more Drd1 bacteria were required to create similar sized granulomas to wild-type (WT) (Davis et al., 2002) . A 4.5-fold reduction of recruited neutrophils in Drd1 granulomas was accompanied by a 5.2-fold reduction of infected neutrophils within them (Figures 4B and 4C and Figure S2A) . In contrast, granulomas formed by an Mm mutant defective in the secreted protein Erp that specifically mediates intramacrophage mycobacterial growth (Clay et al., 2007; Cosma et al., 2006a) had no reduction in infected neutrophils despite Figure S1 and Movie S1.) being slightly smaller ( Figures S2B and S2C) . Together, these results suggested that neutrophils respond to signals emanating from dead cells in granulomas. To test this directly, we treated Mm-infected larvae with Q-VD-OPH, a pancaspase inhibitor that blocks apoptosis in zebrafish (Walters et al., 2009 ). Q-VD-OPH treatment produced a 7.2-fold reduction in the number of TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)-positive cells ( Figure 4D ). Q-VD-OPH-treated fish had a 3.5-fold reduction in neutrophil recruitment to granulomas corresponding to a similar (3.7-fold) reduction in infected granuloma neutrophils ( Figures 4E and 4F and Figure S2D ). Thus signals from dying macrophages appear to recruit neutrophils.
Neutrophils Play a Protective Role in the Early Granuloma
We next asked if neutrophil recruitment to granulomas influences the course of infection. We took advantage of the zebrafish WHIM transgenic line, Tg(-8mpx:cxcr4.1-EGFP) uwm3 , developed to model the human WHIM (warts, hypogammaglobulinemia, infections, and myelokathexis) syndrome caused by mutations in the neutrophil chemokine receptor, CXCR4, and characterized by chronic neutropenia owing to neutrophil retention in the hematopoietic tissues (Walters et al., 2010) . In the zebrafish WHIM line, a mutated zebrafish cxcr4 is under control of the mpx promoter. Its neutrophils are retained in the CHT and pronephros, and neutrophil migration to wound sites is impaired ( Figures 5A and 5B) (Walters et al., 2010) .
We found WHIM fish to display the expected neutrophil migration defect in response to Pa infection: HBV infection of 48 hpf fish revealed a drastic reduction in neutrophil recruitment that resulted in increased susceptibility of these animals ( Figures  S3A and S3B ). Only neutrophil migration was defective; macrophage migration to both Pa and to Mm was normal ( Figures  S3A and S3C) .
WHIM granulomas created by HBV injection had 4-fold fewer infected neutrophils than WT ( Figures 5C-5E ), accompanied by Figures 5C, 5D , and 5F). This increased bacterial burden in individual WHIM granulomas was confirmed at the whole-animal level by injection of Mm into the caudal vein. An increase in bacterial burdens in the WHIM fish became apparent at 2 dpi coincident with granuloma formation and progressed to a 2.3-fold difference at 5 dpi (Figure 5G) . These results confirm a protective effect of neutrophils during early infection, which is temporally linked to the granuloma formation that allows them access to the mycobacteria.
A Subpopulation of Neutrophils Can Kill Their Phagocytosed Mycobacteria
The most parsimonious explanation for our findings was that granuloma neutrophils directly kill the bacterial contents of the macrophages they phagocytose. To determine if this was the case, we first characterized the motility dynamics of infected neutrophils by real-time, high-resolution imaging at 3-5 min intervals over 5-8 hr. Two discrete populations were discerned based on velocity: 80% were relatively nonmotile (speed <0.01 mM/s), and 20% moved through the granuloma at speeds comparable to infected macrophages (mean speed 0.026 mM/s) ( Figure 6A ) . Representative motile and nonmotile cells are shown in Movie S5. The nonmotile cells were more spherical, as a consequence of being more highly infected than the motile cells ( Figure 6B and 6C); this relationship is exemplified in Figure 3B . The inverse correlation between motility and infection level has also been observed for granuloma macrophages ). These findings posed the following questions: Does the progression of infection reduce the motility of all neutrophils so that infected motile cells all progress to become heavily infected, nonmotile cells? Alternatively, do the less infected cells represent a discrete subset of neutrophils with increased mycobactericidal activity? To address these questions, we quantified neutrophil bacterial burdens every 3-5 min for at least 1 hr. In the motile neutrophils, there was a reduction in intracellular bacterial fluorescence over time, which was indicative of bacterial killing; the example in Figures 6D and 6E and Movie S6 shows a 50% reduction in bacterial fluorescence over 50 min. Furthermore, motile neutrophils could phagocytose and kill bacteria multiple times as exemplified in Figures 6F and 6G and Movie S7. From the time it was first visualized, the bacterial fluorescence inside this neutrophil decreased over the first 30 min. While in the process of killing its intracellular bacteria, this neutrophil moved into close proximity to an infected macrophage forming membrane protrusions that wrapped around it ( Figure 6F , 30 min time point). After the resolution of the tethering between the infected neutrophil and macrophage, we observed increased bacterial fluorescence in the neutrophil ( Figure 6F, 40 min) . A second close encounter with the same infected macrophage at 55 min resulted in another increase in bacterial fluorescence at 60 min, followed by a 60% decrease at 85 min.
Only motile infected neutrophils appeared to have this microbicidal capacity. The nonmotile cells did not kill their bacteria over a 7 hr observation period and even appeared to support intracellular bacterial replication ( Figure S4 and data not shown). Thus, a minority of neutrophils can kill mycobacteria effectively through repeated rounds of phagocytosis. It is not clear if these neutrophils comprise a distinct neutrophil lineage.
Neutrophils Kill Intracellular Mycobacteria through Oxidative Mechanisms
To determine if neutrophils depend on the production of reactive oxygen species (ROS) to kill their internalized mycobacteria, we used morpholino knockdowns to create larvae doubly deficient in two key subunits of NADPH oxidase, gp91 phox and p22 phox (Niethammer et al., 2009 ). These phox morphants exhibited the expected increase in susceptibility to Pa infection ( Figure S5A ) (Speert et al., 1994) . With Mm, similar numbers of infected neutrophils were present in phox morphant and WT granulomas, suggesting that recruitment and phagocytosis were unaffected ( Figure S5B ). However, the morphant neutrophils had a greatly reduced capacity to kill their internalized mycobacteria ( Figures  7A-7C ). Thus, neutrophils appear to play a protective role by intracellular killing through NADPH-dependent mechanisms.
DISCUSSION
From early in development, zebrafish have functionally mature neutrophils that share several key characteristics with adult human neutrophils. They are highly motile and exhibit the expected specific responses to chemotactic signals. They are recruited to Pa infection, against which they protect by oxidative killing. Thus validating the zebrafish larval model for the study of neutrophils, we have explored neutrophils' role in mycobacterial infection. We find that, like many other serious human pathogens, mycobacteria initially evade neutrophil phagocytic mechanisms. However, tuberculous granuloma formation later circumvents this mycobacterial evasion strategy by cloaking the pathogen within macrophages. Signals from dying granuloma macrophages appear to beckon neutrophils, which upon arrival can collect mycobacteria from macrophages by phagocytosis and kill them by oxidative mechanisms.
The mechanism of neutrophil function in granulomas revealed here provides a possible explanation for longstanding observations of the susceptibility of chronic granulomatous disease (CGD) patients to mycobacterial infection. CGD is characterized by decreased respiratory burst production owing to genetic deficiencies in phagocytic NADPH oxidase (Amulic et al., 2012) . Along with well-documented susceptibilities to other catalase-producing organisms, susceptibility to TB in highly endemic areas has been documented (Dogru et al., 2010; Lee et al., 2008) , and is likely underreported, given the improbability of diagnosing CGD in these areas. What is striking is the widely documented susceptibility of CGD sufferers to disseminated disease following vaccination with the live attenuated Bacille Calmette Guerin (BCG) strain, which is derived from Mycobacterium bovis (Movahedi et al., 2003; Reichenbach et al., 2001) . BCG lacks the RD1 locus, and we find that granulomas formed by RD1-deficient bacteria recruit fewer neutrophils, presumably because they contain fewer dead macrophages. Given the convincing role of an intact phagosomal oxidase in human BCG infection, we speculate that even the fewer neutrophils in RD1 mutant granulomas are capable of clinically significant mycobacterial killing.
How do our findings relate to the published findings on neutrophils in TB? While recent studies have focused on the pathological role caused by excessive neutrophil accumulation in late disease (Desvignes and Ernst, 2009; Nandi and Behar, 2011) , some older work supports our finding of an early protective role for them (Martineau et al., 2007; Pedrosa et al., 2000) . Several in vitro and in vivo models have been proposed for the protective mechanism of neutrophils during mycobacterial infection. Collectively, these models attribute the beneficial nature of neutrophils to their indirect enhancement of macrophage microbicidal activity, either via cytokine production or Figure S4 and Movie S5, Movie S6, and Movie S7.
by macrophages acquiring neutrophilic granules upon phagocytosis of apoptotic neutrophils (Silva et al., 1989; Tan et al., 2006) . These models are based on indirect or in vitro evidence, and our observations do not rule them out as additional mechanisms of protection by neutrophils. Importantly, our results suggest direct oxidative killing as a substantial protective mechanism.
Then, contrary to our findings, direct phagocytosis of mycobacteria by mammalian neutrophils has been reported. Many of these studies used isolated neutrophils (Majeed et al., 1998; Persson et al., 2008) , or animals with high infection doses that may not represent the low bacterial numbers thought to result in human infection (Abadie et al., 2005) . In the zebrafish too, we found that very high inocula (>250 bacteria per animal) did produce a low level of direct neutrophil infection, <5% of the total infected phagocytes at the initial infection site. Conversely, with low infection doses in mice, the earliest infected neutrophils were observed only at 2 weeks postinfection (Pedrosa et al., 2000; Tsai et al., 2006) . Importantly, our data are in accordance with extensive observations of tuberculous lesions in the human lung, where neutrophils were seldom found to be directly infected, except after what appeared to be an unusually high inoculum that produced tuberculous bronchopneumonia (Canetti, 1955) .
Our findings place mycobacteria among the group of notorious pathogens that cause severe systemic disease, particularly meningitis, by evading neutrophil phagocytosis at least partially (Tunkel and Scheld, 1993) . These organisms often use their capsule or the functional capsular equivalents in their cell wall to avoid phagocytosis, and mycobacterium may similarly employ one or multiple components of its complex cell wall (Brennan, 2003) .
Finally, our data suggest a role for neutrophils as macrophage scavengers, a reversal of the well-recognized arrangement in which macrophages act as scavengers that efficiently remove apoptotic neutrophils and cell debris to resolve inflammation (Amulic et al., 2012; Mosser and Edwards, 2008; Serhan, 2007) . Previous studies in a lipopolysaccharide-induced lung inflammation model in the mouse have reported a similar scavenger behavior of neutrophils and proposed it as a backup mechanism when the scavenging capacity of macrophages is insufficient (Rydell-Tormanen et al., 2006) . While our data suggest that caspase-mediated cell death recruits neutrophils, the precise viability status of the cells phagocytosed by neutrophils awaits deeper examination.
A teleological consideration of our findings may serve as a useful perspective on the host-mycobacterium interface. Mycobacteria may have evolved to avoid neutrophils while possessing multiple mechanisms to gain macrophage entry (Ernst, 1998) . The macrophage may provide mycobacteria a safe haven, sheltering them from other immune cells, while transporting them into deeper tissues, potentially as a means to minimize competition with mucosal organisms (Clay et al., 2007) . Once within the host tissues, mycobacteria additionally benefit from inducing macrophage death and recruitment to promote granuloma expansion through phagocytosis of dead macrophages by multiple newly arriving ones ). However, macrophage death-the very mechanism mycobacteria use to promote their expansion in granulomas-also causes neutrophil recruitment that results in mycobacterial killing. Identification of mycobacterial neutrophil evasion strategies should be of interest and may be useful in the context of vaccination strategies. Moreover, in terms of therapeutic strategies, further investigation is warranted into how the dichotomous mycobactericidal capacity of granuloma neutrophils can be tipped to favor the host. were maintained, infected, and imaged as described (Cosma et al., 2006b ). Fluorescent derivatives of Mm strain M (ATCC #BAA-535) and mutants derived from it were used (Clay et al., 2008; Cosma et al., 2006b) . Pa PAO1 strain and the fluorescent derivatives used have been previously described (Brannon et al., 2009) . Pa burdens were determined by plating lysed larvae for colony-forming units (CFUs), and Mm burdens were determined by bacterial fluorescent pixel counts (FPCs) in live animals (Adams et al., 2011) . All zebrafish husbandry and experiments were conducted in accordance with the University of Washington Institutional Animal Care and Use Committee regulation.
Quantification of Phagocyte Recruitment and Phagocytosis of Bacteria IL-8 (15-25 pg) (rhIL-8, R&D Systems, Inc.), 5-15 pg of LTB 4 (Cayman Chemicals), 10-15 nl of 0.2 mM fMLP (Sigma), and/or specified bacterial doses were injected into the HBV of 44-52 hpf larvae. Six hours after injection, the identity and quantity of phagocytes and their infection status per larvae were determined using DIC and fluorescence microscopy on Nikon's Eclipse E600. Objectives used in this assay included 203 Plan Fluor 0.5 NA and 403 Plan Fluor 0.75 NA ).
Opsonization of Bacteria
A mixture of Mm and Pa was incubated at room temperature for 20 min in 70% FBS (heat inactivated at 56 C for 30 min or not) or in 70% adult zebrafish serum. Zebrafish adult serum was obtained using a protocol modified from MacCarthy et al. (2008) as follows: blood was collected from the aorta of 8-to 12-month old adults using a capillary tube, transferred to a glass tube, allowed to clot at room temperature for 2 hr, and then incubated at 4 C for 4 hr to contract the clot. Serum was collected by centrifugation.
Morpholino Injection
Splice-blocking morpholinos purchased from Gene Tools, LLC (Eugene, OR, USA), were injected into one to eight cell stage embryos and the efficacy of gene knockdown confirmed by reverse transcription polymerase chain reaction (RT-PCR) (Nasevicius, 2000 #214). Morpholino concentrations that achieved maximal gene knockdown with low toxicity were chosen. The fpr1 (XM_003200188) morpholino sequence is 5 0 -GATCCATCATTGTACCTTCA AACCT-3 0 . Morpholinos targeting zebrafish gp91 phox and gp22 phox were used as described (Niethammer et al., 2009 ).
Whole-Mount In Situ Hybridization and Antibody Staining WISH with the fms probe was combined with fluorescence detection of GFP with an anti-GFP antibody as described (Clay and Ramakrishnan, 2005; Clay et al., 2008) .
Analysis of Cellular Dynamics of Neutrophils in Granulomas
For single time point static assessment of neutrophil recruitment to, and infection in, granulomas, lyz-green larvae infected with red fluorescent Mm were imbedded in 1% agarose (low melting point) for imaging . A series of z stack images with a 2.5 mm step size was generated of the granuloma, using the galvo scanner (laser scanner) of the Nikon A1 confocal microscope with a 203 Plan Apo 0.75 NA objective. The size of the given granuloma was evaluated by its bacterial burden determined by the 3D surface rendering feature of Imaris (Bitplane Scientific Software). Cellular dynamics of neutrophils in granulomas were monitored by timelapse confocal imaging. A series of z stack images with a 2.5 mm step size was taken at 3-5 min intervals over 5-8 hr using the high-speed scanner (resonant scanner) with a 203 Plan Apo 0.75 NA objective. Neutrophils were tracked using the 3D-tracking feature and their bacterial burdens determined using the 3D surface rendering feature, both in Imaris.
Q-VD-OPH Treatment and TUNEL Staining
Larvae were incubated for 24 hr in 50 mM of Q-VD-OPH (R&D Systems, Inc.) dissolved in DMSO or the corresponding concentration of 0.5% DMSO as a control (Walters et al., 2009) , after which TUNEL staining was performed as described (Volkman et al., 2004) .
Statistics
Statistical analyses were performed using Prism 5.01 (GraphPad).
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